Reactions of barium thiocyanate with trans-1,2-bis(4-pyridyl)ethylene (bpe) in acetonitrile/water using different molar ratios always lead to the formation of a new barium coordination polymer of composition { [[Ba(NCS)
Introduction
Recently, investigations on the synthesis, structures and properties of coordination compounds have become of increasing interest [1] [2] [3] [4] [5] [6] [7] . In this context, compounds with condensed networks, in which paramagnetic metal atoms are linked by small-sized anionic ligands are of special interest because of their diverse magnetic properties. Therefore, a large number of different compounds based on e. g. azides, oxalates or thiocyanates were investigated [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . However, for these anions different coordination modes are known in which they are either only terminally bonded or act as bridging ligands. Whereas these coordination modes are frequently found in e. g. azides, terminal bonding is preferred in thiocyanates.
0932-0776 / 11 / 0200-0133 $ 06.00 c 2011 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com However, we have demonstrated that thiocyanates with bridging ligands can be easily prepared by thermal decomposition reactions as shown in previous work. In these reactions, suitable precursor compounds based on transition metals, terminal bonded thiocyanato anions and additional coligands are heated, which compulsorily leads to the formation of liganddeficient intermediates, in which the metal atoms are then connected by the anionic ligands [14] [15] [16] [17] [18] [19] . This reaction is accompanied with a dramatic change in the magnetic properties such that frequently cooperative magnetic exchange interactions are found in the ligand-deficient compounds. In further work we also have shown that a large number of coligands like amines or even water can be used regardless if the precursor compounds consist of discrete complexes or of coordination polymers in which the metal atoms are linked by the coligands. In all of these reactions we so far used the transition metals Mn, Fe, Co and Ni. To investigate if this method is generally applicable for the preparation of new thiocyanates we have started systematic studies on this topic. First results have shown that zinc(II) thiocyanates can also be prepared by this route, but in some products terminal thiocyanato anions are still found because the precursor compounds with octahedral coordination of the metal atoms were transformed into tetrahedral complexes [20] .
In this context precursor compounds with different metal coordination patterns like e. g. alkaline earth metal thiocyanates are also of interest in order to investigate the influence of different coordination modes onto their thermal properties. In the beginning we used barium thiocyanate for the preparation of a potential precursor because with the high coordination numbers in barium complexes completely different structures can be expected. Moreover, only a few of such compounds with N-donor ligands are known and therefore, their preparation and structural characterization seems to be worthwhile [21] [22] [23] [24] [25] . In these investigations we prepared five compounds including two different polymorphic modifications by the reaction of barium thiocyanate with trans-1,2-bis(4-pyridyl)ethylene in acetonitrile/water mixtures.
Results and Discussion

Synthetic aspects
Our previous investigations have clearly shown that in some cases several compounds can be prepared if the ratio between the metal thiocyanate and the coligand is varied. Therefore, barium thiocyanate was reacted with trans-1,2-bis(4-pyridyl)ethylene in different molar ratios (e. g. 1 : 4, 1 : 2 and 2 : 1) in an acetonitrile/water mixture at r. t. Investigations using X-ray powder diffraction have shown that independent of the molar ratio the precipitate always exhibits the same powder pattern, which indicates that only one compound 1 might be favored (Fig. 1) . Investigations on the stability of this compound using time-dependent X-ray powder diffraction showed that it is unstable and decomposes within a few hours into a further compound that could not be identified. To characterize compound 1 we tried to prepare single crystals at r. t. and under solvothermal conditions. Surprisingly in these experiments three additional compounds (2 -4) with one of them crystallizing in two different polymorphs (4I and 4II) were obtained as single crystals (see Experimental Section). All of these compounds represent solvates and therefore, decompose immediately at r. t. Even under solvent these transformations into unknown compounds are observed which indicate thermodynamic metastablility. Only for the polymorph 4II we were able to prove that a transformation into compound 1 occurs. However, if the experimental diffraction pattern of compound 1 prepared in solution is compared with that calculated from single crystal data, it appears that 1 was always formed (Fig. 1) . 2 (1) Compound 1 crystallizes in the triclinic space group P1 with Z = 1 formula units in the unit cell (see Table 7 ). The asymmetric unit consists of one Ba cation, two thiocyanato anions, one bpe ligand and six water molecules in general positions, as well as two bpe ligands that are located on centers of inversion. Each Ba cation is ninefold coordinated by two N-bonded thiocyanato anions, four O atoms of water molecules and two N atoms of two symmetry-related bpe ligands within irregular polyhedra (Fig. 2, Table 1 ). Two Ba cations are linked into dinuclear units by two N atoms of two symmetry-related thiocyanato anions via μ-1,1 coordination and by symmetry-related water molecules that are located on centers of inversion (Fig. 3, top) . These dinuclear units are further linked by the bpe ligands into chains along the direction of the crystallographic c axis. From this arrangement cavities are formed in which the additional bpe ligands and water molecules are located (Fig. 3, bottom) . 4 (2) Compound 2 crystallizes in the triclinic space group P1 with Z = 1 formula unit in the unit cell (see Table 7 ). The asymmetric unit contains one Ba cation, two thiocyanato anions, three bpe ligands, and three water molecules in general positions and one bpe ligand located on a center of inversion. Each Ba cation is coordinated by two terminally N-bonded thiocyanato anions, two terminal ligands and one bridging bpe ligand as well as two non-bridging and two bridging water molecules (Fig. 4 , Table 2 ). The coordination pattern around the Ba cations can be described as an irregular polyhedron. Two Ba cations are linked by bridging O atoms of water molecules and two bridging bpe ligands into dinuclear units that are located on centers of inversion (Fig. 5 ). These units are additionally linked by the bridging bpe ligand into chains. The noncoordinating water molecules and bpe ligands are located between these chains (Fig. 6 ). The overall topology of this structure is very similar to that of com- pound 1. To transform compound 1 into 2, only two of the four non-bridging water molecules must be exchanged by terminal bpe ligands.
Crystal structures
{[[Ba(NCS)(H 2 O) 5 ] 2 ](bpe)}(NCS) 2 (bpe) 3 (H 2 O)
[[Ba(NCS) 2 ] 2 ](bpe) 3 (3)
Compound 3 crystallizes in the triclinic space group P1 with Z = 1 formula unit in the unit cell (see Table 7 ). The asymmetric unit consists of one Ba cation, two crystallographically independent thiocyanato anions and one bpe ligand in general positions as well as of one bpe ligand that is located on a center of inversion. Each Ba cation is coordinated by one side-on coordinating and two μ-1,3-thiocyan- ato anions and three bpe ligands within an irregular polyhedron (Fig. 7) . The Ba-N and Ba-S bond lengths to the side-on coordinating thiocyanato anion are significantly longer than those to the μ-1,3 thiocyanato anions (Table 3) . Unfortunately these values cannot be compared with those from other structures because according to a search in the CCDC database (version 1.12, 2009 [26, 27] ) side-on thiocyanato coordination to barium cations was never observed before.
The metal cations are further connected into chains via alternating μ-1,3-bridging and side-on coordinating thiocyanato anions into chains along the crystallographic c axis (Fig. 8) . These chains are further linked by bridging bpe ligands into layers that are located in the ac plane (Fig. 8, bottom) . The bpe ligands are stacked onto each other suggesting significant π-π interactions.
[Ba(NCS) 2 (bpe)(H 2 O)(CH 3 CN)]CH 3 CN (4I and 4II)
The polymorph 4I crystallizes in the monoclinic space group P2 1 /n with Z = 4 formula units in the unit cell, whereas the polymorph 4II crystallizes in the triclinic space group P1 with Z = 2 ( Table 7) . In both modifications the asymmetric unit consists of one Ba cation, two thiocyanato anions, one water molecule, one bpe ligand and two crystallographically independent acetonitrile molecules, all of them located in general positions. In contrast to 4I, in 4II both acetonitrile molecules are disordered in two orientations with a s. o. f. of 0.75 : 0.25. The barium coordination is very similar in both forms with only slight changes in the geometric parameters (Table 4) . Each Ba cation is coordinated by four μ-1,1 N-and two μ-1,3 N, S-coordinating thiocyanato anions, one bpe and two bridging water molecules within an irregular poly- Table 5 . Hydrogen bonding geometry (Å, deg) for form 4I and 4II. hedron (Fig. 9) . The Ba-S bond lengths are longer than those in related compounds like e. g. 3. The Ba cations are connected into chains by either two μ-1,3 N, S-and two μ-1,1 N-coordinating thiocyanato anions, or by two μ-1,1 N-coordinating thiocyanato anions and two bridging water molecules (Fig. 10) . These chains are further linked into layers by O-H··· N hydrogen bonding between the oxygen atoms of the water molecules and the N atoms of the bpe ligands (Fig. 11, Table 5 ). In addition, weak hydrogen bonding interactions are found between the water H atoms and the S atoms of the thiocyanato anions (Table 5 ). Significant differences between both forms are found in the packing of the building blocks, in that the orientation of the chains and the non-coordinating acetonitrile ligands are completely different in 4I and 4II. 
D-H d(D-H) d(H··A) ∠(DHA) d(D··A)
Thermoanalytical investigations
On heating compound 1 in a thermobalance three mass steps are observed that are associated with endothermic events in the DTA curve (Fig. 12) . In the DTG curve the first step is well resolved, but the second and third mass losses are poorly resolved. The experimental mass loss of the first step (10.0 %) is only in rough agreement with that calculated for the removal of the water molecules (Δm calcd = 14.9). How- Fig. 12 . DTA-TG and DTG curves for compound 1 (given are the mass loss in % and the peak temperatures T P in • C). Fig. 13 . Experimental X-ray powder pattern of the residue isolated after the second mass loss in the TG measurements of compound 1 (top) and calculated pattern for compound 3 (bottom). ever, since this compound starts to decompose at r. t. it can be assumed that water is already lost during sample preparation. The second mass loss (13.2 %) is in reasonable agreement with that calculated for the removal of one of the bpe ligands (Δm calcd = 12.5). Based on the experimental mass loss it can be assumed that in the first step a compound of composition Ba(NCS) 2 (bpe) 2 is formed, that transforms into a compound of composition [Ba(NCS) 2 ] 2 (bpe) 3 in the second TG step, which presumably corresponds to compound 3. To prove the formation of compound 3 as an intermediate in the thermal decomposition of 1, a second TG measurement was performed which was stopped after the second TG step. Afterwards this residue was investigated by X-ray powder diffraction (Fig. 13) . These investigations have clearly proven the formation of compound 3 in the second step. Surprisingly, despite the low resolution of the TG steps, this compound was obtained in a very pure state. Similar experiments were also performed in order to characterize the intermediate formed in the first step. However, the residue is poorly crystalline, and from the X-ray powder pattern no further information can be extracted. In addition, further investigation have indicated that this compound is very hygroscopic.
Conclusions
Based on previous studies on the synthesis and thermal decomposition of precursor compounds with transition metal thiocyanates and N-donor ligands we investigated if similar systems can also be prepared with barium cations. Only very few of such compounds had been structurally characterized which was an additional incentive for this work. We have prepared five new barium thiocyanato compounds with trans-1,2-bis(4-pyridyl)ethylene as ligand. In contrast to previous investigations using e. g. Mn, Fe, Co and Ni as cations, in which, based on simple considerations, the topology of the coordination networks can be predicted or influenced to some extent, the situation is much more complex with barium. This is due to the large ionic radius of this cation that leads to a completely different coordination behavior and to structures that are difficult to predict. In order to saturate the coordination sphere of this cation, additional solvent molecules are accumulated leading to the formation of hydrates and solvates that are unstable and therefore, difficult to investigate. The occurrence of so many different compounds that are obviously metastable also hinders the preparation of phase-pure samples and therefore, such compounds are less applicable for the rational preparation of ligand-deficient coordination polymers with bridging anions and thus, to the formation of more condensed networks than those we have shown in previous work. Nevertheless compound 1 could be prepared phase pure and its thermal properties investigated, showing that a "ligand-deficient" intermediate 3 can indeed be isolated. At first glance, this structure is as expected in that the metal atoms are connected by the thiocyanato anions into chains that are further linked into layers by the additional N-donor ligand. However, significant structural differences are found compared to the compounds investigated previously in that in addition to μ-1,3 coordination of the anions also sideon coordination is observed. Moreover, in the more "condensed" compound 3, each metal atom is coordinated by three additional trans-1,2-bis(4-pyridyl)ethylene ligands, which we never observed in other compounds before. This also is certainly due to the large ionic radius of barium. The complexity of composition and structures of such barium compounds is manifested in the occurrence of different polymorphic modifications. Our results indicate that barium thiocyanato coordination compounds with N-donor ligands are not suitable as precursor compounds for the preparation of more condensed coordination networks by thermal decomposition reactions.
Experimental Section
Synthesis of compounds 1 -4
Ba(NCS) 2 · 3H 2 O was obtained from Alfa Aesar and trans-1,2-bis(4-pyridyl)ethylene from Sigma Aldrich. All chemicals were used without further purification. Single crystals suitable for X-ray structure determination were obtained by the reaction of different molar ratios of Ba(NCS) 2 · 3H 2 O and trans-1,2-bis(4-pyridyl)ethylene. The reactants were mixed in 1 mL of an acetonitrile/water mixture (99 : 1). Light-yellow block-shaped single crystals were obtained within three days (Table 6) .
Larger amounts of compound 1 can be prepared by stirring Ba(NCS) 2 · 3H 2 O (50.1 mg, 0.15 mmol) and trans-1,2- Table 7 . Selected crystal data and details of the structure determinations for compounds 1, 2, 3, 4I, and 4II. 
Single-crystal structure analysis
Crystallographic measurements were performed with an imaging plate diffraction system (Stoe IPDS-1) with MoK α radiation. All data were corrected for absorption. The structures were solved with Direct Methods using SHELXS-97, and the structure refinements were performed against |F| 2 using SHELXL-97 [28] . All non-hydrogen atoms were refined with anisotropic displacement parameters. The hydrogen atoms were positioned with idealized geometry and were refined with fixed isotropic displacement parameters [U iso (H) = 1.2 ×U eq (C)] using a riding model. The O-H hydrogen atoms were located in a difference map, their bond lengths set to ideal values and finally refined using a riding model. In form 4II both acetonitrile molecules are disordered and were refined using a split model. Details of the structure determination are given in Table 7 .
CCDC 804582 (1), 804583 (2), 804584 (3), 804585 (4I) and 804586 (4II) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via http:// www.ccdc.cam.ac.uk/data request/cif.
X-Ray powder diffraction (XRPD)
XRPD experiments were performed on a Stoe Transmission Powder Diffraction System (STADI P) equipped with a linear position-sensitive detector from Stoe and an Image Plate Detector using CuK α radiation (λ = 154.0598 pm).
Additional XRPD experiments were performed on a PANalytical X'Pert Pro MPD Reflection Powder Diffraction System equipped with a PIXcel semiconductor detector (PANalytical B.V., Almelo (Netherlands)) using CuK α radiation (λ = 154.0598 pm).
Elemental analysis
CHNS analysis was performed using an EURO EA elemental analyzer (EURO VECTOR Instruments and Software).
Differential thermal analysis and thermogravimetry
The DTA-TG measurements were performed in nitrogen atmosphere in Al 2 O 3 crucibles using a Netzsch STA-409CD thermobalance. All measurements were performed with a flow rate of 75 mL min −1 and were corrected for buoyancy and current effects. The instrument was calibrated using standard reference materials.
